Objective: After coronary artery occlusion, surviving myocardium in and around the infarct zone plays an important role in arrhythmogenesis. Understanding the mechanisms for derangements in cardiac electrical activity at the cellular and molecular levels is important for the design of effective therapeutic strategies. Methods: To provide part of that understanding, we studied changes in K channel function and expression in rat ventricular myocardium three days after occluding the left major coronary artery. The epicardium and endocardium of infarcted region in the left ventricle and the free wall of right ventricle were separated for myocyte isolation, followed by whole-cell voltage clamp studies. Myocytes were also isolated from corresponding regions of control and sham-operated hearts and studied under the same conditions. Results: We found that the transient outward (I ), delayed rectifier (I ) and inward rectifier (I ) to K K1
for by abnormalities in the function of Na, Ca and K coronary artery was occluded approximately 2 mm from channels and in intracellular Ca handling. The changes in the tip of the left atrial appendage using 5.0 silk. If the action potential configuration, along with perturbations in heart was to be used for myocyte isolation, a small piece of intercellular coupling [3, 10] , contribute to the initiation thin polyethylene (PE) tubing (diameter |0.5 mm, length and perpetuation of reentrant arrhythmias that involve ,3 mm) was placed parallel to the coronary artery and infarct and border zone tissues. However, the molecular ligated along with the artery. Prior to cell isolation basis for these abnormalities in ion channel function, Ca (described below), this PE tubing was removed, allowing i handling, and intercellular coupling is largely unknown. the previously occluded artery to open. Therefore the The purpose of the present study was to examine infarct zone could be perfused with a collagenase solution alterations in the function of K channels in rat ventricular and digested. After the ligation, the chest was closed in myocytes during the subacute phase of myocardial infarclayers and the animal was allowed to recover from tion (3 days after coronary artery occlusion). We focused anesthesia. About 60% of the animals survived the surgery. on three major K channels, two of which are important for
The sham operation was similar but did not include determining the action potential configuration (transient coronary artery ligation. outward channel, I , and delayed rectifier channel, I ) and to K one for maintaining the resting membrane potential (in-2.2. Ventricular myocyte preparation ward rectifier channel, I ) [11, 12] . We separated the K1 epicardial and endocardial halves of left ventricles and the Three days after the surgery, rats were anesthetized. free wall of right ventricles from control, sham-operated Hearts were quickly excised and placed in Tyrode's and coronary artery-ligated hearts for myocyte isolation, solution (composition given below). The infarct zone could and studied their K currents under the same conditions. A be readily identified visually as a pale area in the anterocareful separation of myocytes derived from these sites is apical region of the left ventricle. The PE tubing was important because a transmural gradient of I between removed. After cannulation of the aorta, the heart was to epicardium and endocardium of left ventricle and inmounted on a Langendorff apparatus and perfused with 35 homogeneity in the expression of K channels between left ml of Ca-free Tyrode's solution, followed by a 10-min and right ventricles have been described for rat and other perfusion with the same solution containing collagenase species, including dog and human [13] [14] [15] [16] [17] [18] [19] . Furthermore, (0.85 g / ml, type II, Worthington Biochemical, NJ) and spatial inhomogeneity in the modulation of K channel trypsin (1 mg / ml, Gibco) at a pressure of 80 mm Hg. All function by disease conditions of the heart has been solutions were equilibrated with 5% CO / 95% O and 2 2 reported for rat, dog and human [18, 20, 21] . There were maintained at 34-368C. At the end of enzyme perfusion, three goals in these electrophysiological experiments: (1) the infarct zone was softened (digested) as was the rest of to study the distribution of current density of these three K the heart. The atria were removed. The infarct zone channels in normal rat ventricles, (2) to examine how (previously identified visually as described above) and the myocardial infarction and sham operation affected these K adjacent region were isolated from the left ventricle and channels, and (3) to see whether the observed changes dissected into outer (epicardial) and inner (endocardial) displayed any spatial inhomogeneity. These electrophysiohalves. The free wall of the right ventricle was also logical experiments showed that the current that was most isolated. The tissues were placed in separate petri dishes. profoundly affected by myocardial infarction was I . We They were minced and gently triturated for 15 min to to further performed Western blot analysis to show that in the release single myocytes. The supernatant was collected and infarcted left ventricle there was an accompanying reducthe cells were pelleted by low-speed centrifugation. Cell tion in the protein level of the major a subunits underlying pellets were resuspended in Tyrode's solution containing I in rat heart (Kv4.2 and Kv4.3) [22] [23] [24] . 0.5 mM Ca and supplemented with insulin (4 mg / ml), to mannitol (0.92 mg / ml) and pyruvate (0.5 mg / ml). The remaining tissue pieces were subject to further trituration 2. Materials and methods for 3 to 5 more cycles. Myocytes were also prepared from corresponding regions of control and sham-operated hearts.
Surgery
Myocytes were kept in an incubator of 5% CO / air at 2 378C, and used within 12 h after isolation. Whole-cell currents were recorded using the conventiontime of surgery were used. Myocardial infarction was al suction pipette method [25] with an Axopatch 200 or created using sterile procedures. Under isoflurane anesAxopatch 1C amplifier (Axon Instruments, Foster City, thesia, the rat was intubated and ventilated. After left CA). Myocytes were allowed to settle on a poly-L-lysine thoracotomy, the heart was exposed. The left major coated coverslip placed on the bottom of a tissue chamber, which was mounted on the stage of a Nikon diaphot 2 mg / ml aprotinin, 1 mM benzamidine, 1 mg / ml pepstatin, microscope. The cells were continuously superfused with a and 0.5 mM pefebloc. pipette solution had the following composition (mM): KCl natants from the two spins were combined and centrifuged 135, EGTA 10, HEPES 10, dextrose 5, ATP (Mg salt) 3, at 40 0003g for 10 min to pellet the membrane. The pellet GTP (Tris salt) 0.5, pH 7.2 with KOH. The recordings was resuspended in 2 ml TE containing 0.6 M KI and were conducted at room temperature (24-268C).
incubated for 10 min to disrupt the cytoskeleton. This was The pipette tip resistance was 0.4-1 MV when filled centrifuged at 40 0003g for 10 min. The pellet was with the pipette solution and placed in the Tyrode's resuspended in 2 ml TE buffer and centrifuged again at solution. The pipette current was zeroed before forming a 40 0003g for 10 min. The final pellet was solubilized by tight seal (.1 GV) between the pipette tip and the cell incubation in 400 ml TE containing 2% Triton X-100 for 1 membrane. The liquid junction potential between the h. The suspension was centrifuged at 13 0003g for 10 min pipette solution and the bath solution was estimated to be to remove insoluble materials. The protein concentrations about 10 mV (pipette side negative). This was corrected of all the solubilized membrane preparations were deduring data analysis. After forming the whole-cell recordtermined using a Bicinchoninic Acid (BCA) assay kit ing configuration, a capacitive transient induced by a 210 (Pierce) and bovine serum albumin as a standard. SolubilmV step from a holding voltage of 0 mV was recorded and ized membranes were stored at 2808C until use. used for the calculation of cell capacitance. Afterwards, the series resistance (R ) was compensated electronically by 2. Kv4.3 (73.5 kDa) , that has a 19 amino acids and digitized at a sampling interval of 0.5 or 1 ms. The insertion between the two underlined residues in the voltage clamp protocols and methods of data analysis will sequence shown above. [27] Whether this Kv4 isoform be described in the figure legends. Clampfit of pClamp contributed to the band of a higher molecular mass on the (version 6.04) was used for leak subtraction, amplitude Western blots is not clear. measurement and curve fitting of time courses. PeakFit (Jandel Scientific) was used for fitting data with Boltzmann 2.7. Western blots or other user-defined functions.
The Kv4 antiserum was purified with a protein A 2.5. Membrane preparation column (Pierce), and used at 1:1000 dilution. Aliquots (80 mg) of solubilized membranes along with prestained The rat cardiac cell membrane was prepared as deprotein size markers (Gibco) were boiled in SDS sample scribed previously [23] . Briefly, the infarct zone and buffer for 5 min, and fractionated on 7.5% SDS-polyadjacent region from the left ventricle and the free wall of acrylamide gels. After electrophoresis, the proteins were right ventricle, or the corresponding regions from control transferred to PVDF membranes electrophoretically at 30 and sham-operated hearts, were dissected free and frozen V and 48C for 3 h. The membrane was blocked by at -808C until use. All procedures of making the cell incubating in Tris-buffered saline (TBS) containing 5% membrane preparation were performed on ice or at 48C, nonfat dry milk, 0.1% Tween 20, and 0.02% sodium azide and all solutions contained the following protease inat room temperature for .1 h. Afterwards, the membrane hibitors: 1 mM iodoacetamide, 1 mM 1,10-phenanthroline, was incubated at 48C overnight in a primary antibody solution prepared in TBS containing 5% nonfat dry milk, 0.05, 11p,0.01; comparison of data from the same 0.2% Triton X-100 and 0.1% sodium azide at 1:1000 anatomical origin between infarcted and sham-operated dilution as indicated above. After three washes using a hearts: * p ,0.05, ** p,0.01, *** p,0.001; comparison washing solution, immunoreactive bands were visualized between epicardium and endocardium: [p,0.05. using the ECL kit (Amersham) following manufacturer's instructions. Band intensities on the X-ray film were quantified by densitometry using ImagQuant software 3. Results (Molecular Dynamics).
3.1. Characteristic of rat hearts after coronary artery 2.8.
Statistical analysis occlusion
Data are presented as mean6SE. Statistical analysis was Three days after occluding the left major coronary performed using SigmaStat (version 1, Jandel Scientific).
artery, the infarct zone was readily visible in the anteroapiFor comparisons of multiple groups, one-way ANOVA was cal region of the left ventricle and extended to the used to determine whether there were significant differanterolateral free wall to different degrees. When tissue ences among groups. Unpaired t-test was used to desections were examined under the microscope, the infarct termine the significance of difference between two groups. zone appeared as a transmural hypereosinophilic area with A 'p' value of less than 0.05 was considered to be loss of cellular striations and nuclei (central zone). It was significant. Symbols used in Figs. 3, 5, 6, 9 and 10 are the bordered by lateral 'border zone' in which necrotic and following: comparison of data from the same anatomical viable myocytes were present together with inflammatory origin between sham-operated and control hearts: 1p,
infiltrates. The infarct (central zone) and immediately adjacent region (border zone) were used for myocyte isolation. The cells we studied were Ca-tolerant and increments) were applied at an interval of 10 s. The conditioning pulses were followed by a brief (4 ms) repolarization step to 280 mV, and then a 500 ms test pulse to 130 mV to test the availability of channels for activation. Shown are current traces recorded during the test pulses, with leak subtracted using the test pulse current following V to 0 mV. (C) c shows peak current amplitudes during test pulses plotted against V before c and after 4-AP. Data were from the same experiment as shown in (A). The data were fit with a double Boltzmann function: tance. This figure also serves to compare the magnitudes of transmural gradient of I in rat left ventricle described by to changes among current components. others previously [20, 33] . The current density and kinetics of I in myocytes from the right ventricle were similar to to those of I in epicardial myocytes from the left ventricle. epicardial myocytes from right ventricle than that from left The peak current density-voltage relationships are summaventricle in dog heart. However, a direct comparison rized in Fig. 3B . In the left ventricles of normal hearts, between these two studies is difficult because we did not there was a prominent transmural gradient of I . At 140 specifically isolate right ventricular myocytes from the to mV, the mean peak current density of I measured from epicardial region.
to epicardial myocytes was 2.8 fold of that recorded from Sham operation did not alter the mean I current density to endocardial myocytes (Fig. 6 ). This is similar to the in left ventricular myocytes from either epicardial or (Fig. 6 ).
Delayed rectifier channel, I
I density in epicardial myocytes. However, the I k K1 K1 Fig. 4 shows I current traces isolated from I and the current density was not significantly affected in endocar-
non-inactivating outward current component as described dial myocytes. In right ventricular myocytes, myocardial above (Fig. 1C) . The current traces manifested a slow infarction was associated with an increase in the I K1 decay during the 500-ms depolarization pulses. I amcurrent density relative to that of sham-operated or control K plitudes were quantified from the peaks of these current hearts. traces. Data are summarized in Fig. 6 was comparable between the two groups: 39% decrease in explained by alterations in the channel's gating behavior, the epicardial myocytes and 35% decrease in the endocarwe examined the voltage-and time-dependence of I to dial myocytes (relative to I in myocytes from shamgating. Fig. 7A shows that the voltage-dependence of I K to operated hearts, Fig. 6 ). This reduction in I current activation was not affected by myocardial infarction. In [12]. The I-V relationship of I in rat all four voltages, the t values were significantly K1 K1 decay ventricular myocytes does not display a prominent N-shape prolonged in myocytes from infarcted hearts, but not or a negative slope region as in ventricular myocytes from significantly altered in sham-operated hearts. The time most other species [34, 35] . Therefore, we used the steadycourse of I recovery from inactivation (t ) could to restitution state inward current recorded at 2120 mV to quantify the be well described by a single exponential function. Exam-I current density. Data are summarized in Fig. 6 .
ples from a control myocyte and a myocyte from an
K1
In left ventricular myocytes from control hearts, the infarcted heart are shown in Fig. 9A and B, respectively. mean I current density recorded from endocardial Fig. 9C presents the summary data of t recorded K1 restitution myocytes was 24% higher than that recorded from epicarfrom different cell groups. The mean time constant of I to dial myocytes (Fig. 6 ). This transmural gradient is similar recovery from inactivation was not affected by sham to that described for I in cat left ventricular myocytes operation, but was prolonged in myocytes from infarcted K1 [17], and is opposite to the transmural gradient of I and hearts. Sham operation did not alter the I current density in Our electrophysiological experiments revealed that the K1 myocytes from all three regions (Fig. 6 ). In the left I amplitude was reduced in left ventricular myocytes to ventricle, myocardial infarction caused a reduction in the from infarcted hearts relative to control or sham-operated 
0.5 t
The curves superimposed on the data points were calculated from Eq. (2) whether there were corresponding changes in the protein cted hearts relative to that from sham-operated hearts. The density of I was reduced by a similar amount between the K Kv4 protein level in right ventricular myocardium from epicardium and endocardium. However, the degree of infarcted hearts tended to be higher than that in shamreduction was not homogeneous for I or I . The mean I to K1 to operated hearts. Furthermore, the signals in both left and current density was reduced more in the epicardial than in right ventricles of sham-operated hearts appeared to be the endocardial myocytes. I was reduced in epicardial, K1 lower than the corresponding signals in control hearts. but not in endocardial, myocytes. However, these latter differences were not statistically It is important to point out that infarction-induced significant. changes in cellular function are inhomogeneous in the border zone myocardium. The most severely damaged myocytes probably died during the disaggregation pro-4. Discussion cedure. Among the myocytes that survived the disaggregation procedure, we sampled from those showing clear 4.1. Major findings of the present study striations. Therefore, it is possible that the changes in current densities and I gating kinetics we reported here to Our data show that the three types of K channels we represent the lower end of abnormalities induced by the examined here, I , I and I , had different patterns of subacute phase of myocardial infarction in rat heart. to K K1 distribution in normal rat ventricles. Sham operation did In control hearts, the mean cell capacitance of right not affect the mean current density of any of these three K ventricular myocytes was smaller than that of left ventricuchannels in the left ventricle, whereas coronary artery lar myocytes (Fig. 6) . In infarcted hearts, the mean cell occlusion caused a reduction in all three. The mean current capacitance of right ventricular myocytes was increased relative to that in the normal heart, along with an increase correlated with the alterations in the I current amplitude.
to in I and I current densities. Since similar changes also In rat ventricles, I channels are formed by two major a to K to occurred in the right ventricles of sham-operated hearts, (pore-forming) subunits: Kv4.2 and Kv4.3 [22] [23] [24] . Both they were not specifically associated with the infarction isoforms could be recognized by our antibody. We saw a process, but might be related to trauma or stress induced marked reduction in the Kv4 protein level in left ventricuby the surgery. However, neither the increase in cell lar myocardium of infarcted hearts relative to that of capacitance nor the increase in I and I current densities control or sham-operated hearts. This was probably due to to K was observed in left ventricular myocytes from shama reduction of both Kv4.2 and Kv4.3, because a recent operated hearts, suggesting that these nonspecific changes preliminary report showed that the mRNA levels of both were not homogeneous between the two ventricles. Alisoforms were reduced in rat ventricles three-days after though a reduction of I current density has been deoccluding the major left coronary artery [38] . However, a to scribed for a number of rat models of myocardial hydirect quantitative comparison between the reduction in I to pertrophy [36, 37] channel subunits, and whether these changes could be sion of small molecular weight (2-4 kb) poly(A) RNA
